Background. Atherosclerosis has been associated with loss of artery wall distensibility in human cadavers and in experimental animal models, giving it the lay term "hardening of the arteries."
L oss of arterial distensibility may be a central element in the transition from coronary atherosclerosis to clinical ischemic heart disease. Without the shock-absorbing capacity of a normal artery, the atherosclerotic wall may be subjected to greater shear and intramural stresses on impact of pulsatile pressure waves, exposing the intima and plaque to greater injury. Arterial "hardening" also may limit both conservation of lumen area by compensatory enlargement1 and enlargement of lumen area by balloon angioplasty. Both increased and decreased distensibility, early and late in athero-sclerosis, respectively, have been measured in atherosclerotic arteries of experimental animal models and in postmortem humans. [2] [3] [4] [5] [6] [7] In previous studies, we described a method for recording pressure and volume signals from atherosclerotic human coronary arteries in vivo during balloon dilation through the angioplasty catheter. 8, 9 Preliminary results suggest a relation between pressure-volume patterns and clinical outcome. 9 The purpose of the present study was to assess the effect of artery wall calcification on mechanical response of atherosclerotic arteries to balloon dilation in an experimental animal model. Almost no resistance to balloon distension was found in normal and atheromatous aortas from cholesterol-fed and control Watanabe heritable hyperlipidemic (WHHL) rabbits. However, with dietary supplements of cholesterol, calcium, and vitamin D2, the rabbit aortas developed calcification and a mechanical response to dilation similar to that seen in human coronary arteries. These results suggest that calcification is important in the arterial "hardening" associated with atherosclerosis. Six control WHHL rabbits continued to receive standard chow during the 6-week study period (control group). Seven WHHL rabbits were given a 1% cholesterol diet (Purina 5731C-6) for the 6-week study period (cholesterol-fed group). One rabbit died spontaneously after 5 weeks. Seven WHHL rabbits were administered oral supplements of calcium carbonate, 250 mg/day (5 days/wk), and vitamin D2 (Ergocalciferol, Eli Lilly, Indianapolis, Ind.), 50,000 units 3 days each week, in addition to the 1% cholesterol diet (calcium/cholesterol-fed group). One rabbit in this group died spontaneously after 4 weeks. Two older rabbits were included in the control group to check for an age effect. Serum cholesterol and calcium levels were obtained within 24 hours of catheterization. Serum calcium was also obtained midway through the diet period in all but one (not obtainable) of the calcium/cholesterol-fed rabbits and in two cholesterol-fed rabbits with unexpected hypercalcemia.
An electronic pressure transducer (model P51-2, Konigsberg, Pasadena, Calif.) and a linear variable differential transformer (model 1002 XS-D, Schaevitz, Pennsauken, N.J.) were incorporated by custom machining (Buchi AG, Uster, Switzerland) into a stainless steel inflation syringe (USCI, Billerica, Mass.) to measure balloon pressure and volume.
Signals were conditioned (model SMSGPM-108A, Schaevitz) and amplified with transformer-coupled isolation, electromagnetic shielding, and battery power to ensure safety. Pressure and volume were monitored on a 20-MHz storage oscilloscope (model COS-5020-ST, Kikusui, Torrance, Calif.), digitized at 10 Hz (LabVIEW NB-MI016, National Instruments, Austin, Tex.), and displayed on a computer monitor ( Figure 1) . The After the balloon was withdrawn, an anesthetic overdose was given, and the aorta was surgically exposed. Abdominal aortic segments measuring 2 cm in situ were excised immediately distal to the renal arteries. They were washed free of blood and dissected free of adventitia. To measure luminal surface area, they were cut lengthwise and opened flat so that the shape could be traced onto filter paper of highly uniform thickness and density. Area was then calculated from the weight of the traced section of filter paper relative to the weight of a 1-cm2 section of the same paper: lumen surface area is equal to weight of Figures 4A and 4B ), were seen in the aortas of calcium/cholesterol-fed WHHL rabbits. Aortic sections from cholesterol-fed and control rabbits showed mild-to-moderate intimal proliferation and rare or no calcification. In the calcium/cholesterolfed rabbits, intimal proliferation and calcification were more severe in the thoracic than in the abdominal aorta, especially in the arch.
At the site of balloon dilation, disruption of medial calcification was observed in three calcium/ cholesterol-fed rabbits ( Figure 5 ) but not in the remaining calcium/cholesterol-fed rabbits or in the cholesterol-fed and control rabbits. Although this medial disruption cannot be distinguished with certainty from processing artifact, the presence of erythrocytes within the intimal and medial discon- similar to that of human coronary arteries ( Figures  6A-6C ). Almost no resistance to dilation was seen in the cholesterol-fed and control rabbits ( Figure 7) . Similar results (data not shown) were seen in normal human coronary arteries from explanted hearts.
In the three calcium/cholesterol-fed rabbits with fracture patterns, AV changed abruptly in steps at rates of 20-130 gl/sec. The value of A/Vm,x was significantly greater for calcium/cholesterol-fed (38+27 gl) than for cholesterol-fed (12.3+8 tl) and control (5.0+3.5 gl) rabbits (p<0.05). There was a trend toward higher values of AVma,x in cholesterolfed compared with control rabbits, but the difference was not significant (p>0.05).
According to intravascular ultrasonic imaging and angiography, mean aortic diameters were 2.1 mm for calcium/cholesterol-fed, 2.2 mm for cholesterol-fed, and 2.0 mm for control rabbits. These differences were within measurement error for both methods.
Aortograms failed to reveal discrete stenoses, regardless of diet (Figure 8 ). The minor, symmetric irregularities near the diaphragm were attributed to indentation by vertebral disks. Changes in aortic diameter could not be detected during repeated aortography after balloon dilation.
Mean final body weights were 3.0±0.3 kg in the control, 2.9+0.4 in the cholesterol-fed, and 2.2+0.4 in the calcium/cholesterol-fed rabbits. The low body weight of the calcium/cholesterol-fed rabbits was most likely due to anorexia of hypercalcemia; initial weights were the same. Serum calcium concentration (Table 1) was significantly greater in the calcium/cholesterol-fed rabbits (15.0±1.9 mg/dl) than in the cholesterol-fed (11.4+2.4 mg/dl) rabbits (p<0.01). The moderately elevated serum calcium (11.8+2.9 mg/dl) in the control WHHL rabbits was unexpected and may relate to advanced age, stress, or inactivity. Serum cholesterol concentration was greater in the calcium/cholesterolfed (1,100±633 mg/dl) than in the cholesterol-fed (61.1+347 mg/dl) and control (343-+146 mg/dl) rabbits, but the differences were not significant. These levels are all far above the normal range of 2713 mg/dl. Wall calcium concentration per square centimeter of luminal surface area (measured after excision) was significantly greater (p<0.025) in the calciuum/cholesterol-fed (0.73 ± 0.59 mg/Cm2) than in the cholesterolfed (0.042+0.020 mg/cm2) and control (0.052±0.035 mg/Cm2) rabbits (Figure 9 ).
Discussion
The earliest descriptions of advanced atherosclerosis referred to "ossification" and "degeneration of arteries into bone."'3 As reflected in the lay term "hardening of the arteries," atherosclerosis is generally accepted to impart irreversible changes in the mechanical properties of the artery wall. The nature of these changes becomes particularly important with widespread clinical use of mechanical means, such as balloon angioplasty, rotary atherectomy, and ultrasonic ablation, to treat coronary artery disease. The minimal resistance of normal artery wall to balloon dilation is consistent with previous studies. The working diameter change of angioplasty balloons is approximately 0.2 mm9 or 10% or less strain. For a normal human cadaver artery, this degree of strain requires less than 0.10 atm distending pressure.3 Similarly, rabbit5 and canine arteries undergo 50% stretch with pressures less than 0.3 atm. 6 The normal artery wall also does not retain the dilated shape until stretched beyond its elastic limit, which is approximately 30% strain. 4 Potential artifacts in pressure and volume measurements were considered and addressed as follows:
1. Suface tension. The energy required to overcome the surface tension developing between inner surfaces of the balloon at high-negative pressures may cause a pressure artifact in the early portion of a rapid inflation. Such artifacts were excluded by slow initial filling, which allows the inner surfaces to separate gradually at low pressure.
2. Viscosity. Resistance to flow of viscous contrast material through the narrow catheter lumen may result in a reversible, rate-dependent pressure artifact throughout the inflation. This effect was minimized by use of a short catheter and slow and constant inflation rates.
3. Damping. The narrow catheter lumen tends to dampen the pressure signal, as described earlier. The result is "smoothing" of high-frequency events so that the fracture phenomena may be even more abrupt than they appear in Figures 6, 7, 10 , and 11. Greater sensitivity may be possible by incorporating a miniature pressure transducer (Millar Instruments, Houston, Tex.) into the balloon itself.
4. Air compression. False increases in compliance could be introduced by compression of air in the syringe-catheter system. These effects were minimized by 1) removal of as much air as possible at the time of filling and by 2) comparison with the control 
